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SUMMARY

Frictional heating resulting from flight at high speeds effectively
reduces the value of ambient-air temperatures at which ice forms on air-
craft surfaces. An experimental study was made of the wet-surface tem-
perature and the stream conditions that result in ice-free surfaces for
bodies In flight through icing clouds, and the results obitained are com-
pared with values calculated using an analytical method. Two symmetrical
airfoil models, one of dismond shape and the other of double-circular-arc
contour, were used in the investigetion. Results are presented for Mach
nunbers from 0.6 to 1.35 and for pressure altitudes from 25,000 to 40,000
feet.

The experimental Investigation gave values of the wet-surface tem-
perature that were consistently 2° %o 40 F higher than the values cal-
culated by the analytical method for all but the foremost part of the
slrfoils. The analytical method gave conservative results, compared with
the experimentel results, predicting the initiel formation of ice to
occur at values of ambient-alr temperasture up to 12° F higher than were
found experimentally. The experiments generally substantiated the ana-
lytically determined location of ecritical reglons on the bodies for the
initial formation of ice and provided sufficient agreement with analyti-
cal results to prove their validity.

INTRODUCTION

As flight speeds are increased into the transonic and supersonic
regimes, the frictionsl heating of aircraft surfaces becomes of counsider-
gble importance in reducing the susceptibility of the surfaces to icing.
Atmospheric condltions that are regarded as extremely hazardous icing
conditions for low-speed aircraft may be completely harmless at higher
flight speeds. The set of flight conditions providing a surface temper-~
ature of 32° F for a particular point on a body running fully wet in an
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icing cloud is termed the icing limit for that point in references 1 and
2. The analysis presented in reference 1 equates the frictional heating
term to the evaporative and heat-transfer terms in a heat balance for
the lcing-limit condition for a dismond asirfoil in transonic and super-
sonic flight. The results of reference 1 show that a critical region
for the initial formation of ice exists at or just behind the shoulder
of the djamond airfoll as a result of the reduced pressure and consequent

increase in the evaporative cooling effect in this region. A limited ex- -

perimental verificatlion of the results of the analysis of reference 1 was
also presented thereln.

The procedure used for calculating the icing limit in reference 1
was applied generally in reference 2 to cobtaln charts that would facili-
tate the determination of the ilcing limit at any polnt on a body in terms
of the stream conditions. Because certain of the conditions and assump-
tions made 1n the analysis were not kmnown to be fully epplicable st high
flight speeds, en experimental investlgation of the icing limit was made
and is reported herein. Two airfoll shapes, a symmetrical dlamond air-
foll end a symmetrical clrcular-arc airfoil, were investigated over a
Mach number range of from 0.8 to 1.35 and for pressure altitudes from
25,000 to 40,000 feet. This investigation was conducted in & 3.84- by
10-inch tunnel at the NACA Lewis leboratory.

SYMBOLS

The following symbols are used in this report:

CP pressure coeffilclent, El;;E%
z Po¥o
p specific heat of air at constant pressure, (0.24) Btu/(1b)(°F)
D diffusivity of vapor in air, sq ft/sec ' .
e vapor pressure, lb/sq ft
g accelerstion due to gravity, ft/sec2
k thermsl conductivity of air, Btu/(sec)(sq £t)(°F/ft)
ke coefficient of evaporation
ky, coefficient of transfer of heat
L latent heat of vaporizstion, 1075.8 Btu/lb at 32° F
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Tad,w

r'EO,c

Tr

Mach number
molecular welght of air

molecular weight of water vapor

c 1g

Prandtl number, = J%——

static pressure, 1b/sq £t (sum of dry-air and water-vapor
partial pressures

recovery factor from Tad,w = To[l + Eﬁ%gél-ME]

static temperature, °R
adisbatic wall temperature, °R

minimmm free-stream static temperature corresponding to ice-
free condition on surface, °R

Taylor number = é% = Schmidt number

temperature, OF

velocity, ft/sec

chordwise position (distance from leading edge divided by chord

length)
T ratio of specific heats of alr = 1.400
W viscosity of air, slugs/(ft)(sec)
o density of air, slugs/cu ft
Subscripts:
s surface
0 free-stream conditions
1 local conditions at edge of boundary layer
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ANATLYSIS

The generalized hesat balance for a thermally insulated body moving
relative to an icing cloud is glven In references 1 and 2 as follows:

(1) Heat due to frictional effects
Plus
(2) Heat due to kinetlc energy of water droplets
plus
(3) Heat of fusion
equeal
(4) Heat lost by convection
plus
(5) Heat for evaporation of water
plus

(6) Heat required to raise tempersture of impinging water from
stream temperature to surface temperature

The snalytical results of references 1 and 2 are based on the use
of Hardy's relaetion (ref. 3), which 1s obtained by equating the friction-~
al term (1) to the sum of the convective term (4) and the evaporative
term (5). The heat of fusion term (3) 1s equal to zero if no ice is
forming on the surface or in the water film. Thus, at the icing limit,
for Hardy's relation to be valid term (2) must be nearly equal to term
(6) or the difference between the two terms must be smell compered with
term (1). Both terms (2) and (B8) are functions of the liquid-water con-
tent of the cloud, and, for values of liquld-water content usually asso-~
ciated with high-speed and thus high-sltitude flight, both the terms are
quite small and of nearly the same magnitude. The difference between
the velues of terms (2) and (6) is less than 3 percent of term (1) for
the following severe flight conditions: Mach number, 1.36; pressure
altitude, 35,000 feet; ambient-sir temperature, -30° F; and liquld-water
content, 0.5 gram per cublic meter.

The relation of Hardy given in references 1 and 2 is

Ts'—"-Tl[l-l'?—(Ll)'M]z_]'Ee-m %(P = - ell> (l)

€
2 kp T, 1-% Pp-¢
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The ratio of the eveporation coefficlent k., to the heat-transfer co-
efficient k), is usually accepted (refs. 1 to 3) as having a value

nearly equal to unity for water evaporating into air at temperatures
near 32° F. For leminar flow, the relation is given in reference 3 as

Ko/l = (Pr/Tr)?/3. Numericel evaluation of this relation yields a

value of approximately 1.10. For turbulent flow, an analytical treatise
(ref. 4) indicates the value of the ratio to be approximately 1.05. An
experimental investigation of the sublimation of ice (ref. 5) gives a
value of 0.90 for the ratio. Beczuse of the uncertainty of the value of
the ratio, a value of unity, which represents an average, was used in
accord with that used in references 1 and 2. In addition, i1f, as assumed
in references 1 to 3, the flow dbout the body outside the boundary layer
is accomplished with no change in phase of the vapor or droplets, then
Dalton's law of partial pressures applies and e1/eO = Pl/PO’ and in

equation (1) e /(p, - e,) may be substituted for el/(;pl - e).

For purposes of calculation and presentation of the results, equa-
tion (1) is put in the following form:

-1 z)
1 + == rMf e
492 = T 2 T - 2788.6 12.75 - 0 (z)
1 To,e - 02° Py Po " %0
’ — |p. - 12.75
Py/ 0

This 1s the equation of reference 2 with a slightly different value of
the constant. The icing-limit temperature (free-stream gtatic tempera-
ture, TO,c) was determined in reference 2 as & function of the param-

eters (Tl/TO,c)"(l + I%E rM%) and Pl/?o for altitudes from sea level

to 45,000 feet, the maximum probable ilcing-cloud altitude. In addition,
charts were presented for the rapid determination of the parameter

(?l/TO,c)"(l + I%E rM%) from the stream end flow conditions ebout a body.

The experimental investigation of the icing limit consisted essen-
tially in determining the value of the stream static temperatures st
which ice would first staert to form on, or just be removed from, a sur-
face in a high-velocity air stream. For this purpose, a symmetrical dia-
mond airfoll and a symmetricel circular-arc asirfoll, each having & chord
length of 6 inches and a thickness-to-chord ratio of 6 percent, were
used in the study. Both airfoll models were made of brass and were pro-
vided with 11 static-pressure taps in the chordwlse direction. A trans-
parent plastic insert, which formed a relatively large (L by 5 in.)
portion of the central part of each asirfoil, provided an insulated region
free from conduction effects where local surface temperatures could be
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determined. The ratio of the thermal conductlivity of the plastlic insert
to that of the rest of the model was approximately 2.5x10"°. Fifteen
thermocouples were located in the surface of the plastic in a chordwise
direction parellel to the static taps. A photograph of the circuler-arc
alrfoll model showing the static taps, the plastic insert, and the ther-
mocouples 1l presented in figure 1. The dlamond alrfoll was of similar
construction. ' e

A schematic diasgrem of the 3.84-~ by 1lO-inch tunnel in which the ex~
periments were conducted is shown in figure 2. One wall of the test
section was of glass for the purpose of observing the formation of ice
on the airfoil models. Permanent instrumentation of the tunnel lincludes
static-pressure teps along the top and bottom walls of the tunnel and
pressure taps and thermocouples in the plenum chamber. The airfoil
models were mounted on a porthole in the tunnel wall that was also pro~
vided with static-pressure taps.

3467

The ailr for the tunnel was provided from a central supply system
at the following initlal conditions: pressure, 10 pounds per square
inch gage; temperature, -20° F; and humidity raetio, approximately 3.0x10~%
pounds of water vepor per pound of dry eir. By means of electric and
steam heaters end & control valve at the Iniet to the plemum chember, the
air was conditioned to the desired values of temperature and pressure at
the tunnel test section.

A sensitive dewpolnt meter was used to determine the frostpoint tem-
pereture of & contlnmuocus sample of air from the tunnel plenum chember.

An air-stomlzing spray nozzle, loceted spproximetely 18 inches up-
stream of the model &s shown in figure 2, was used to provide local
values of the liquid-water content of the sir from 0.5 to 7.0 grams per
cublc meter at the model. The liquid-weter content of the alr was esti-
mated from measured values of water-flow rate together with determinations
of the volume flow of air through the observed area of spray coverage.
The volume-median drop size was estimeted to be approximately 15 microns
from previous experiments with dimensionally similsr nozzles in the 6~
by 9~foot lcing research tunnel. A calculated value for the mean droplet
diemeter of approximately 18 microns was obtalned using the conditions of
%he exp§riments in en empirical equation of Nuklysms and Tanasawa

ref. 6).

METHOD ARD PROCEDURE

The icing 1imit hes been defined as "the set of flight conditions
which provlides a [wet and ice free] surface temperature of 32° F for a
particulsr point on a body traveling in an lcing cloud” (ref. 2). The
general equation (1) does not include the 32° F surface temperature
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restriction, and can be checked at other temperatures. The specific ap-
plication of the general equation to the icing limit adds no complication,
except that, for the experimental investigation, a slight amount of ice
must form to ensble the determination of the icing limit. Thus, experi-
mentally the release of the heat of fusion of a small smount of ice occurs
but is negligible and is not considered in the analysis.

The experimental procedure consgisted in operating the tunnel st con-
stant conditions of pressure altitude, Mach number, and free-stream vapor
concentration, while the temperatyre of the air at the plenum chamber was
controlled to achieve the desired temperature conditions at the model.
Measurements of surface temperature were obtained for both the wet and
dry surface conditions. The dry surface temperature measurements were
teken in order to obtaln values of the recovery factor used in equation
(1). ' The experimental value of the icing limit was determined for each
Mach number and pressure altitude condition by first selecting a value
of plenum air temperature for which ice would form on the model, and
gradually increasing the temperature until the ice would no longer form.
No apprecisble accumilstion of ice was allowed to form on the model, as
the local pressure changes caused by the rough ice are conducive to the
formation of more ice, and the formation of more than minmute quantities
of ice would require that the heat of fusion be considered in the inves-
tigation. The value of the plenum temperature that corresponds to the
icing-1imit conditions was then used to determine the value of free-
streanm static temperature on the basis of a dry-sir adigbatlic process to
be compared with the analytical results of references 1 and 2.

RESULTS AND DISCUSSION

Several factors influenced the size requirements considered in the
design of the airfoll models used for the Investigation. Problems aris-
ing from the model instrumentation and mounting of the models in the
tunnel so that icing of mounting devices would not be a source of dif-
ficulty reguired that the models be of relatively large size. However,
at high air velocities, sn effect on the flow field ebout the model re-
sults if the ratio of model-to-tunnel cross~sectional dimensions is large.
As meesured values of the local static pressures were to be used in the
determination of the icing-]limit conditions, it was not necessary, how-
ever, that the flow field sbout the model be completely free from tunnel
wall effect; and, therefore, some design compromise was possible in the
size of the models.

Chordwlse Variation of Pressure Distribution

Pressure distributions on the models for My = 1.35 are shown in
figure 3. The pressure coefficient CP is presented as a function of
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the chord position for the two models, &and corresponding theoretical
relations are presented for comparison. The leading-edge shock wave is
reflectel by the tunnel walls and intersects the models at aspproximately
the 70~percent-chord position. The effect on the local static pressure
is quite severe in the vicinity of and behind the shock-wave intersection.
Some date obtained in this region are included throughout,K the report to
show the results of this disturbance in the flow field on the surface
temperature.

Chordwise Variatlon of Recovery Factor

In order to calculate icing-limit temperatures, & reasonsbly accu-
rate value for the recovery factor r mst be used in equation (1). The
recovery factor 1s a function of the body shape and also depends upon
whether the flow ie laminar or turbulent. For usual body shapes, the
value of the recovery factor is between 0.84 (laminar) and 0.90 (turbu-
lent) (ref. 7). The extremes of this variation are sufficient to chenge
the value of the icing limit determined from equation (1) by several
degrees Fahrenhelt. Therefore, values of the recovery factor for each of
the airfoil models were experimentally determined for subsonlc and super-
sonic conditions over a range of pressure gltitudg. Both local surface
temperature and locel Mach number values are required for the determina-
tion of the recovery factor. As the chordwise position of the thermo-
couples and pressure taps did not exectly coincide, values of surface
temperature corresponding to the static-tap location were obtained from
plote of surface tempersture against chordwise position. Thus, the
recovery-factor values correspond to the chordwise location of the static
taps on the model. The use of falred values of surface temperature gave
more sccurate results than could be obtained with faired values of static
pressure or local Mach number, because the number of thermocouples wasg
greater than the number of static-pressure taps.

Figure 4 shows recovery factor as a function of the chordwise posi-
tion for the diamond airfoil model at values of the free-siream Mach num~
ber of 0.8 and 1.35. At the lower Mach number condition (fig. 4(e)), the
velue of the recovery factor was approximetely 0.86 over the front half of
the model and 0.87 over the rear half. For the supersonic case (fig.
4(b)), the value of the recovery factor wes higher, averaging slightly
greeter than 0.88 over the front surfsce and spproximately 0.89 for the
rear surface. E

Values of the recovery factor obtained with the circular-arc airfoil
et Mach numbers of 0.6, 0.8, and 1.35 at 30,000-feet pressure altitude
are shown in figure 5(a). The recovery factor shows a slightly higher
value at the higher Mach numbers. Figure 5(b) presents the circular-arc-
airfoil recovery factor for a Mach number of 1.35 for pressure sltitudes
from 25,000 to 40,000 feet. Figures 4(a) and (b) and 5(b) show that, for
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both the diamond and the circular-arc airfoils, the effect of increasing
alr density (decreassing pressure altitude) on the value of the recovery
factor is similer to the effect of increasing Msch mumber, and both might
thus be described as Reynolds number effects. However, for the Reynolds
number renge of this investligation almost the entire chord length of the
ailrfoll is in the transition region from laminar to turbulent flow, and
any increase in Reynolds number results in a more turbulent regime with
consequent Increase in the recovery factor.

The recovery factor obtained when the occurrence of fully turbulent
flow 1s accelerated by roughness near the leading edge is shown in fig-
ure 5(c)}. A band of mumber 80 grit, 3/16 inch wide, was cemented to the
model Jjust behind the leading edge to promote the increased turbulence.
The recovery factor behind the roughened surface i1s 0.87 at the first
point of measurement, as compared with 0.845 obtained with the smooth
surface. The increase in recovery factor due to roughness diminishes as
a function of the dlstence from the leading edge, showing that almost
fully turbulent flow exists at the midchord position without roughness.

The recovery factor can be determined only for a dry surface; there-
fore, the effect of a surface water film cannot be evaluated, but should
be of no grester magnitude than that experienced with the leading-edge
roughness. For both the dismond and tlrcular-src sirfolls, a value of
0.88 for the recovery factor would seem to be spplicable for conditions
involving some roughness due to water film or ice for all but the very
foremost reglons of the airfoils.

Diamond Airfoll

Surface temperature and icing limit - rear surface. - The existence
of a critical region for the formation of ice Just behind the shoulder
of the diamond airfoil was predicted and experimentally substantiated in
reference 1. A similar result was experienced during the present inves-
tigation, and a photograph of ice formed on the rear surface of the air-
foil model is shown in figure 6. Conduction of heat from the tunnel
walls and from the unwetted regions of the brass portion of the model
prevented the formation of ice on any part of the model except the plastic
insert and areas immediately adjacent.

Experimental values of the wet-surface temperature behind the shoul-
der were often not obtained, because as the water film flowed over the
shoulder it divided into rivulets that frequently missed the thermocouples
entirely.

For both the diamond end circular-src airfoil models, the experi~
mentel end analytical resulis could be evaluated in two ways. First, the
temperature and flow conditions that would result in the first slight
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formation of ice st & point on the surface of the model were experimen~
tally determined, from which the velue of the free-stream static temper-~
ature to was determined from compressible flow relations. Analyti-
cal values of the free-sitream statlic temperature tO,c from reference

2 (whenever applicable), whlch were slso determined for the local con-
ditions corresponding to the location of the lce formation, are presented
with the experimental values in the figures. In addition, for each of
the lcing-limit conditions, the measured surface temperastures obtained
over ‘the model are presented, together with curves showing the surface
temperature variation calculated with equation (1) for each point of
measurement of local statlic pressure on the model, with the value of 1,

determined from the experiments assuming a dry adisbatic process.

Measured surface temperature values obtained at My = 0.8 for two

values of pressure altitude are shown in figures 7(a) and (b) for the
lcing-limit condition (stream temperature for which lce just starts to
form). Included also are the calculated surface temperature (eq. (1))

and the location of the ice formation in terms of chordwise position. A
value of 0.88 was used for the recovery factor in meking the calculations.
A fully wetted surface condition prevails over the front face of the dia-
mond airfoil, and the calculasted surface tempersture curve closely approx-
imates the measured values. In the region near the leading edge, the use
of a lower value of the recovery factor would result in closer agreement
with the measured values.

The critical region st the shoulder is highly localized in the case
of the subsonic free-stream condition, and conductlon of heat from other
parts of the model would tend to limit the tempersture reduction in this
region. The conduction effect could thus be partly responsible for the
fact that, at the value of free-stream statlic temperature for which ice
just began to form on the airfoil (surface temperature of 32° F gt shoul-
der), the value of the celculated surface temperature was somewhat below
the freezing level. In genersl, values of calculated surface temperature
below 32° F do not have much significence other than to indicate the loca-
tion of an ice~formation region; and, therefore, the curves are shown as
dsshed lines below 32° F. For equation (l) to be applicable, the surface
mist be ice-free; and, therefore, values of the calculated surface tem-
perature below the freezing level indicate the tempersture that super-
cooled water would assume if it existed on the surface.

High values of the measured surface tempersture behind the shoulder
result from the rivulet nature of the runback water flow, the surface
being only partly wet. In general, the thermocouples that were observed
to be wetted by a rivulet reached an equilibrium wet-surface temperature
that was unchanged by increasing the water flow. TFor the subsonic part
of the experimental investigation, the free-streem humidity was congider-
ably below the saturation value for the stream static tempersture. There~
fore, no direct comparison of the free-streasm static temperature for the
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icing-limit condition caun be made with results obtained from reference 2,
which applies only for saturated free-stresm conditions. However, the
agreement between the calculated and measured surface temperatures over
the fully wet portions of the surface and the formation of ice at the
predicted critical regilon provide sufficient proof that the calculation
method is gppliceble at the 0.8 Mach number condition.

The results obtained with the diamond airfoil for & supersonic free-
stream Mech number of approximately 1.35 for pressure altitudes of 25,000
to 42,000 feet ere presented in figures 7(c) to (f£). For the fully wetted
region of the front face, the calculated surface temperatures approximate
the measured values very well, the calculated temperature generally being
up to 3° F lower than the measured value.

The forward extremity of the observed ice formation was considered
as the point corresponding to the point defined in the icing-limit defi-
nition, and the free-stream static temperature (icing limit) was deter-
mined for the conditions existing at that polnt from reference 2. The
values so obtained are presented in the figure legends together with the
experimentally determined free-stream static temperature. The experimen--
tal value is from 4° to 8° below the value determined from reference 2.
The thermocouples located 1n the regions corresponding to the observed
chordwise position of the lce locations for the most part did not indi-
cate freezing-level temperatures. This discrepancy in the results was
epparently caused by the partly wetted nasture of the surface and conse-
quent incomplete spanwise development of the ice formation, which were
thus not alwsys directly over the thermocouple Junctions.

Measurements of the dewpoint of the alr stream indicate that the
relgtive humidity of the air stream at the test section veries from a
somewhat supersaturated condition at 25,000-feet pressure altitude to a
relatively dry condition (relative humidity aspproximstely 15 percent) at
40,000-feet pressure altitude. Evaporation from the droplets in the
spray and moisture added to the stream by the =ir from the spray nozzle
tend to increase the humidity locally and would result in a more nesarly
saturated stream at the model. Because the static tempersiures are low
for the supersonic condition (from -20° to -50° F), the total weter con-
tent of the alir for complete saturation is low and local saturstion may
be accomplished by the addition of only small amounts of water vapor.

The similarity of the results at all the altltude conditions in-
dicates that the effect of initial humidity of the ambient air at low
statlc temperature is small. The results presented in the figures show-
ing calculated surface temperabtures were obtained by using values of
vaepor pressure determined from humidity measurements of air samples teken
from the plenum chamber. In order to determine the possible effect of
change In humidity between the point of measurement and the model, some
additional calculations of surface temperature were made with the free
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atream considered as at the saturation humidity. For the supersonic

free stream, the condition of saturation at the model represents a de-
crease in the vapor content for the 25,000-foot pressure altitude con-
dition and en increase in vapor content for the 42,000-foot pressure
altitude condition. The results of these calculstions of the surface
temperature show a decrease of less than 0.5° F for the 25,000-foot pres-
sure altitude condition and en increase in temperature of approkximately
1.4° F at the 42,000-foot condition, as shown by the dashed line in

Pigure 7(f).

Burface tempersature and icing limit - front surface. - Cbtaining
data on the icing of the forward surfaces of the diamond sirfoil necessi-
tated reduction of the air temperature to values considerably below the
lcing-1limit temperature for the resr surfaces. Consequently, iclng of
the resr surfaces was occurring simmltaneously, and it was necessary to-
obtain the data raepldly before the lce accumulation on the rear surfaces
was sufflcient to affect the flow field over the entlre airfoil. The
general lcing-limit definition, for a particulaer point on the body, does
not exclude the possibility of the existence of ice elsewhere on the body,
if the formation of such ice does not require the inclusion of the heat
of fusion term in the calculations for the point in question. The point
on ‘the surface corresponding to the conditions of the icing-limit defi-
nition is the point which is at a temperature of 32° F and therefore at
the newly forming edge of the ice formestion.

As the air temperature was reduced, lce on the forward surfaces
formed first in the region directly behind the leading edge, and further
reduction in the stream temperature caused the ice to extend farther back
toward the shoulder. Thus, the point on the surface for which the lecing-
limit definition applies 1s the rearward extremity of the ice formetion.
Flgure 8 shows the change in the rearward extent of the icing for two air
temperatures at two pressure altitudes. For each of the stream conditions
shown, the calculated surface temperature indicates that the region Jjust
shead of the shoulder should be more susceptlble to lecing than any other
part of the forward surface. However, the occurrence of ice formations
first near the leading edge, and the rearwerd movement of the ieing wlth
reduction in ailr temperature msy probably be caused by the lower recovery
factor near the leading edge snd by the high rates of heat transfer and
eveporation combined with & velue for the ratio of ke/kh greater than

unity if laminer flow exists in this region. The results of reference 2

apply strictly only to turbulent flow, end the changes in recovery factor
and. heat and mass transfer that occur in the leading-edge region are not

included in the enalysis of reference 2.

Values of the measured surface temperature were generally below the
freezing point from the foremost thermocouple to the rearward extremlty
of the front-face ice formetion and showed lincreasses to slightly above
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the freezing point aft of the ice formstlion. The calculated surface
temperatures over the front face were lowest at midchord, and showed
generally increasing values toward the leading-edge region, although
consistently below the freezing point over the entire front feace. At

the experimentally determined locetlion of the point corresponding to the
Jeing-limit conditions, the calculated surface temperatures were gener-
ally 2° to 4° F below the freezing-point temperature. The calculations
of the icing limit from reference 2 for this region indicate the occur-
rence of icing at free-stream static temperstures 3° to 10° F higher than
were found experimentally.

Circulasr-Arc Alrfoil

ingement. - On the circular-arc airfoil, direct lmpingement of
the water droplets occurred only over approximetely the first 30 percent
of chord. Behind the impingement region, surface tension and viscous
forces caused the runback water to separate into rivulets. As this in-
vestigation was concerned primsrily with the temperstures of wet surfaces,
it was necessary to provide sufficlent rumback water to result in nearly
fully wetted surfaces behind the 1limit of impingement, even though high
values of liquid-water concentrstion were required. Although the effect
on the surface tempersture of increasing the liquid-water concentrstion
is similar for the circular-arc and the diamond sirfoils, the smaller

* droplet impingement srea makes the effect of partial wetness of the sur-

face aft of the limit of impingement more appesrent for the circular~arc
girfoil.

Measured values of the surface temperasture for several values of
liquid-water concentration at Mach nmumbers of 0.8 and 1.35 are shown in
figure 9 Pfor the circuler-src airfoil. The approximate limit of droplet
impingement is included in figure 9(a). The surface temperatures asso-
ciated with the lower liquld-water concentrations are high because the
gurfaces aft of the limit of impingement are dry or only partly wet.
Values of liquid-water content of approximetely 5 grams per cubic meter
were required st both Mach number conditlons to provide a continuous film
of water over the airfoil to the 80-percent-chord position. The reduction
in surface tempersture with increase in liquid-water content shown in fig-
ure 9 occurred only as the rivulets covered a greater percentage of the
surface, and an equilibrium temperature was reached when the thermocouple
Junction became wet. The equilibrium condition 1s approasched for most of
the thermocouple locations at liquid-water content of 7.0 grams per cubic
meter (fig. 9(a)) at My of 0.8. It was necessary to cbtaln data only

when observation of the airfoil surface indicated that the thermocouples
in the region under study were wet. In figure 9 and the figures follow-
ing, eny increase in temperature as a function of chordwise position aft
of the midchord position mist be considered to be caused by an incom-
pletely wet surface at the thermocouples.
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The increase in temperature near the leading edge shown in figure
9(a) (Mg = 0.8) with increase in the velue of the liquid-water content

from 3.9 to 5.7 grams per cublc meter could be due to the kinetic energy
of the droplets, but probably results from the fact that the stream
static temperature was higher than the surface temperature. Because the
stream humldity was quite low at the subsonic Mach number condition, as
discussed Iin the sectlon Dlamond Airfoil, a large evaporative cooling
effect on the model existed, with the result that the lcing-limit condi-
tion occurred at high values of the stream statlc temperature. Thus,

the spray was warm compered with the surface. At the high liquid-water
concentrations, e finite time end distance were required for the evapo-
ration at the surface of the water fllm to cool the remaining water to
the equilibrium surface temperature, with the result that the process

weas incomplete at the forward statlons. The reasons presented for the
increase in temperature nesr the leading edge at the 0.8 Mach number con-
dition are substantiated by the 1.35 Mach mumber results of figure 9(b).
The increase in temperature is less at the higher Mach number and, there-
fore, is probebly not a result of the kinetlc energy of the droplets. An
estimate of the cooling ceused by the expansion of the spray-nozzle air
and the evaporstion from the droplets (from the results presented in ref.
8) indicates that the drops would epproach the stream statlc temperature,
which is lower than the surface temperature, and thus would not ralse the
leading-edge surfece temperature at the 1.35 Mach nmumber conditilon.

Surface temperature and icing limit. - Figure 10 presents measured
surface temperatures obtained with the circular-arc airfoil, together
with calculated surface temperatures (r = 0.88) and observed ice-
formation locations for Mech mumbers of 0.6, 0.8, and 1.35 at pressure
altitudes from 25,000 to 40,000 feet. Included in each figure for the
30,000-foot pressure sltitude condition is the surface temperature calcu-
lated with values of the recovery factor corresponding spproximately to
the veriation with chordwise position shown in figure 5 (figs. 10(b),

(e), end (n)).

The results shown in figures 10(a) to (f) are for subsonic free-
stream Mach number conditions. The minimum calculated surface tempere-
ture occurs at or near the midchord position. However, lce was observed
to form filrst in the region just behind the leading edge, and the minimum
value of the measured surface tempersture aslso occurred in this region.
Near the leading edge, the existence of & laminar-~flow region with the
resulting high convective heat-transfer and evaporation retes, combined
with a value grester than unity for the ratio of the evaporstion and
heat-transfer coefficlent, probably sccounts for most of the difference
between the measured surface temperature values and the surface tempera-~
tures calculated by equatlon (1) with values for the recovery factor as
a function of chordwise position. Observation of the alrfoll during the
initlel pericd of ice formstion disclosed that, at the higher altitude
conditions, ice crystals formed in the water f£ilm, slid back along the
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surface, and disappeared gpparently from melting rather than from blow-
off, Because the humidity of the air stream was very low and the amount
of water vapor required for saburation was not negligible, the subsonic
raesults obtained with the circular-arc airfoil model may not be compared
directly with the free-stream icing-limit temperature resulis of refer-~
ence 2, which apply only if the air stream is saturated. However, the
surface temperatures calculated with the method employed in reference 2,
but with values of the vapor pressure corresponding to the hmmidity meas-
urements made during the experiment, show reasongble agreement with meas-
ure% §§mpera$ures over the forward regions of the airfoll (figs. 10(a)

to (f)).

The results obtained for several pressure altitudes at a Mach num-
ber of 1.35 are shown In figures 10(g) to (j). Ice was observed to form
first in the region Just behind the midchord position. Measured and cel-
culated surface temperatures both show agreement as to the location of
the critical region for the initial formation of ice. Surface tempera-
tures very near the freezing point were measured in the vicinity of the
ice location at each of the altitude conditions. Calculated surface tem-
perastures approximately 4° F below the measured temperature were obtained
in the critical region. The trend of the measured surface temperatures
to values lower than the calculgted temperature in the leading-edge re-
gion is apparent in figures 10(g) to (j) as it was in previous figures
for both the diamond and circulasr-src airfoil models. The icing-~-limit
temperatures to,c based on the location of the lce, included in the

figure legends, show that reference 2 predicts the formstion of ice at
temperatures from 7° to 12° F higher than the experimentally determined
limiting temperature. The occurrence of the ice formstion near the
reflected-shock intersection and the slope of the calculated surface tem-
perature curve indicate that the lice might have formed nearer the trailing
edge and at a higher stream temperature if the shock had not been present.

General Comparlson of Calculated and Experimental Results

The experimental dasta presented hereln show that the results of ref-
erences 1 to 3 may be applied generally over a considersble range of
pressure gltitude and Mach number conditions to give reasonebly good pre-
diction of the wet-surface tempersture or the ambient-air temperature
that will result in lcing at any point on a body. Comparlson of flgures
7 to 10 shows that calculated wet-surface temperatures for all but the
foremost regions of the airfoils were generally 2° to 4° ¥ below the meas-
ured surface temperatures in the fully wetted areas of the elrfoils. Im

-addition, predictions mede from reference 2 of the maximum ambient-air

temperature that will result in icing were Indicaeted to be conservative

in every case (icing of the surface occurred at a lower maximum sir tem-
perature then indicated from the results of ref. 2). Although these re-
sults show sufficiently good sgreement to verify the use of the analytical
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method and results of reference 2, it is of interest that the calculated
values of surface temperature for all but the leading-edge region are
consistently below the measured values. Observed iclng ususlly coincided
with values of the measured surface temperature very near the freezing
point.

Factors that would resuli in higher values of the measured surface
temperature than would be indicated by the calculations are:

(l) Transfer of heat by conduction through model from tunnel walls
and unwetted portions of model

(2) Heat galned by radistion from surrounding surfaces
(3) Heat due to kinetic energy of droplets

(4) Heat galned from droplets formed from room-temperature water
that did not reach equilibrium with static air temperatures at
supersonic Mach number conditlon

(5) High free-stream static temperature and spray temperature at
icing-limit condition for subsonic conditions as a result of low
gtream humidlity

The conduction of heat through the model was minimized by the use of the
plestic Insert of low thermal conductivity and by the fact that the plas-
tic material was not bonded to the metal portions of the model. TFor the
temperature differences between the model and the surroundings that ex-
isted during the experiments, the heat gained by rediation 1s so slight
as to be of no consequence. The effect of items (3) to (5) would be
higher values of the surfsce temperature in the impingement region as a
function of the liquid~wster content of the air. A discussion of these
factors for the case of the circular-arc airfoil wes included in the dis-
cussion of that alrfoll; asnd the results for the dlamond airfoll would
be similar, except that the impingement reglon covers the entire forward-
facing surfaces., An additionel factor that reduced the temperature read-
ing nearest the leading edge by approximately 1° F was the spray-nozzle
alr Jet, which was generally at a lower totel tempersture than the stream.
The effect elsewhere on the model was negligible.

In addition to the factors discussed In the preceding paragraph that
have an effect on the messured surface temperature, there are several as-
pects of the analytlcal method that could also contribute to the dlffer-
ences between messured snd calculated values. In the anelysls used here-
in and for references 1 to 3, the assumption has been mede thaet in the
region Jjust outside the boundary layer the air may become supersaburated
wlth water vapor but condensation of the vapor does not occur. Hardy
(ref. 3) discusses the possibility that such condensation may actually
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occur, however. If such 1s the case, then the value of the specific
heat used to determine the local static temperature must be sltered
commensurate with the rate of change of phase of the vagpor. Calcula-~
tions made using the experimental data for the conditions resulting in
the highest degree of saturation of the free stream and considering com-
plete and Instantaneous condensation of all water vapor in excess of
saturation resulted in a small (0.5° F) increase in the value of the
calculated surface temperature at the first thermocouple station and a
1.1° F increase just after the midchord position.

The value of unity for the ratio of the coefficients of mass and
heat transfer has been wldely used and accepted, but exact agreement has
not been shown experimentally. Thus the use of the value of unity for
this relation in equations (1) and (2) may also contribute to the con-
sistent difference between measured and calculated values.

The analytical determination of the free-stream static temperature
gt the icing limit is somewhat more sensitive to the value used for the
ratio ke/kh than 1s the snalytical determination of the surface tem-

perature. For example, a lO-percent change in the value of the ratio at
Mgy of 1.35 and pressure altitude of 30,000 feet would cause a change of

approximately 3.5° F in the velue of to,c that would be obtained by the

method of reference 2, snd would cause a chapnge of approximately 1.5°F
in the values of the calculated surface temperatures. A reduction in the
value of the rabtlo causes the calculated values of to,c and tg to ap-

proach the experimental values.

SUMMARY OF RESULTS

The twofold experimental Investigations to determine the wet-surface
temperatures on bodies in subsonic and supersonic air streams, together
with determinstion of the stream conditions for which lce will Just start
to form on the surfaces, ylelded the following results:

l. Measured values of the wet-surface tempersbure were consistently
2° to 4° F higher then were calculated with equations given in references
1 and 2 together with experimental free-stream static temperatures for
all but the foremost pert of the fully wetted reglons of the models.

2. Agreement between the experimental apd anslytical results shows
that the results of references 1 gnd 2 are sufficiently accursbte to be
applied generally. Calculated values of the leing-limit conditions were
consistently conservative compared with the experimental results, pre-
dicting the formetion of ice at values of amblent-air temperature up to
12° F higher end at an average value 7° F higher than the velues deter-
mined by experiment.
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3. The locations of enslytically determined regions on the alirfoll
susceptible to the initial formation of ice were generally substantiated
by experiment. An exception was observed in the case of the circuler-
arc airfoil model at subsonic sirspeeds, for which the region of initial
ice formstion occurred near the leading edge instead of at the midchord
region as predicted analytically.

Lewls Flight Propulsion ILsboratory
Neational Advisory Committee for Aeronsutics
Cleveland, Ohlc, November 18, 1954
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(1) Prec-streon Mach mumber, 1.55; preppurs altitude, 355,000
feet. Frea-gtream static tempsrature to (exp.), -39.89 ¥;
to,c (ref. 2), -27.9°F.

Figure 10. - Concluded. - Burface temperstursa on eiroular-sre airfoll at icing limdit. !

(J) Frea-strasm Mech mumber, 1.35; prassure altitude, 40,000
feet. Free-sirean statio temperature ty (exp.), -18.1° Fj
tg,e (ref. 2), -8.29 F.
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